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Abstract -This paper presents a three-phase variable 
inductor for reactive power control in an electric power 
system. The variable inductor is constructed with three 
orthogonal-cores, and is controlled by a simple dc-dc 
converter. In order to reduce the harmonic currents of the 
variable inductor, we made a partial gap in the 
orthogonal-core. The trial three-phase lOOkVA variable 
inductor demonstrates that the variable inductor can be 
put to practical use in a 6.6kV ac distribution system. 
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I. INTRODUCTION 
In recent years, increased loads have caused voltage 
variations in the electric power system. One method for the 
voltage regulation is control of reactive power in the system. 
Power apparatus such as static var compensator (SVC) and 
static var generator (SVG) have been introduced to control 
reactive power [1]-[4]. Another effective solution is to 
develop a variable inductor with sinusoidal output. By using 
a variable inductor and capacitor, we can realize a simple, 
reliable and high quality voltage regulator. 
Several magnetic devices for a variable inductor have 
been presented [5]-[8]. The operating principle of the 
variable inductor is based on the nonlinear magnetization 
characteristic of the core. The nonlinear characteristic, 
however, causes harmonics in the output current. When the 
nonlinearity is small, the harmonics are also small but the 
controllability of the inductor is generally not possible. Few 
papers have reported a suitable variable inductor for large 
power applications. 
An orthogonal-core is controllable and sinusoidal because 
of its peculiar magnetic circuit. However, in order to use it in 
a practical electric power system, the harmonic distortion 
must be improved. 
In a previous paper, the authors reported on an 
orthogonal-core type variable inductor with sinusoidal output 
and controllability [9], [lo]. In the variable inductor, 
harmonic currents are reduced utilizing a dc bias effect 
generated by secondary series diodes. The variable inductor 
is suitable for power control but is not always advantageous 
for application in a high voltage power system because of the 
secondary diodes. 
In this paper, we initiate a new effect to reduce the 
harmonics of the orthogonal-core type variable inductor. 
Based on the results, we develop a three-phase 100kVA 
variable inductor for use in a 6.6kV ac distribution system. 
11. FUNDAMENTAL CHARACTERISTICS 
Fig.l(a) illustrates a schematic diagram of the orthogonal- 
core used in the experiments. The lower core contains the 
control winding and the upper core contains the output 
winding. The core material is grain oriented silicon steel with 
a lamination thickness of 0.23”. Fig. l(b) shows the 
winding arrangement. 
Fig. 2 shows the circuit used for the experiments. An 
increase in primary dc current I, causes magnetic saturation 
in the core, the inductance of the secondary winding to 
decrease and the secondary current i, to increase. In the 
experiments, we use an ordinary low distribution voltage to 
power the secondary side. 
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Fig. 1. Schematic diagram of the orthogonal-core used in the 
experiments. (a) Core structure. (b) Winding arrangement. 
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Fig. 3 shows the relative harmonic contents of the 
secondary current measured in the variable inductor. The 
abscissa is the average value of the primary dc current. The 
secondary winding voltage is 158V. This figure shows that 
the 3rd and 5th harmonics are dominant in the variable 
inductor. The air gap between the primary and secondary 
cores is effective in reducing the harmonic currents. 
Unfortunately an ordinary air gap inhibits the control 
characteristic. For this reason, we made a partial gap between 
the primary and secondary cores. 
Fig. 4 shows the primary core with the partial gaps. The 
gaps are generated by beveling the four corners of the core. 
The cut area is a half of the each contact surface area. 
Fig. 5 shows the relative harmonic contents of the 
secondary current. The results show that the harmonics are 
reduced by the partial gap. The 5th harmonic decreases 
significantly. The 3rd harmonic current does not appear in 
three-phase system, as expected. 
Fig. 6 shows the comparison of the control characteristics 
of the variable inductor with and without the partial gap. The 
results show that the deterioration of the control 
characteristics arising from the partial gap is very small. 
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Fig. 4. Primary core with partial gaps obtained by beveling. 
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Fig. 5. Relative harmonic contents of the secondary 
current when the orthogonal-core has partial gaps. 
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Fig. 6. Control characteristics of the variable inductor with 
and without the partial gap. 
111. THREE-PASE lOOkVA VARIABLE INDUCTOR 
Based on the above results, we designed the orthogonal- 
core for a three-phase lOOkVA variable inductor, as shown in 
Fig. 7. The core has the same gap as mentioned above. The 
core material is grain oriented silicon steel with a lamination 
thickness of 0.23". The third winding represents a power 
winding for control circuit. The resistance of the primary, 
secondary and third windings are 5.35 Q , 13 !J and 0.034 !J , 
respectively. The rating of the output is 6.6kV-5A(33kVA). 
The frequency is 50Hz. The total weight of the orthogonal- 
core is 154kg including the windings. 
Fig. 8 shows the circuit of the three-phase variable 
inductor. The delta-connected secondary windings are 
directly connected to the commercial 6.6kV ac distribution 
line. The secondary reactive power varies with the primary dc 
Third winding(N,=6 turns) 
Secondary winding 
(N,=1452 turns) 
Primary winding 
(N,=850 turns) 
(unit: mm) 
Fig. 7. Orthogonal-core used in the 1OOkVA variable inductor. 
I] '  " 1  6.6kV ac line 
Fig. 8. Circuit configuration of the three-phase variable 
inductor. 
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Fig. 11. Observed waveforms of the secondary line current 
of the variable inductor for various control currents. 
current of 23A. is 5.3kW when 100kVar is 
controlled. The dashed curve is the power loss in the control 
winding and dc-dc converter. 
Fig. 11 shows the waveforms of the output line current 
for various control currents. This reveals that the output 
current is almost sinusoidal over a wide control region. 
The total loss 
IV. CONCLUSION 
Fig. 9. The trial 100kVA variable inductor. (a) Assembly of 
the orthogonal-cores. (b) General view of the apparatus. 
current IC. A simple dc-dc converter is used for the control of 
the dc current. 
In order to use the variable inductor outdoors, we made 
use of an oil-immersed and self-cooled system similar to that 
of an ordinary pole transformer. Fig. 9(a) shows the 
assembly of the three-phase variable inductor. The lower 
portion of the structure contains the orthogonal-cores and the 
upper portion of the structure contains PT and CT for 
measuring the line voltage and current. Fig. 9@) shows the 
general view of the encase of the structure. The temperature 
rise was 54 O C at hll control. The total weight of the 
experimental variable inductor is 1090kg. The variable 
inductor can be installed on the one pole due to its light 
weight. 
Fig. 10 shows the measured control characteristics of the 
reactive power. The total loss in the orthogonal-cores and dc- 
dc converter is also plotted in the figure. These results 
demonstrate that 100kVar is controlled by the primary dc 
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Fig. 10. Control characteristics measured in the 
emerimental 100kVA variable inductor. 
In this paper, we present one method for reducing 
harmonic currents in an orthogonal-core type variable 
inductor. Based on the results, we develop a three-phase 
100kVA variable inductor with almost sinusoidal output and 
good controllability. The test results demonstrate that the trial 
variable inductor can be put into practical use in a 6.6kV ac 
distribution system. The variable inductor is useful for 
power control in an electric power system. 
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